Abstract-This electronic document Isothermal oxidation kinetics of pure nickel and its lanthanum ion-implanted sample are studied at 900 . Scanning electronic microscopy (SEM) and transmission electronic microscopy (TEM) are used to examine the surface morphology and microstructure of oxide films. Laser Raman spectrometer and X-ray diffraction spectrometer (XRD) are used to study the stress level in oxide films formed on La-free and La-implanted Ni. Secondary ion massive spectrum (SIMS) is used to examine Ni, O and La element distribution in depth in oxide films. Results show that La-implantation remarkably reduces the growing speed and grain size of NiO film; Meanwhile it changes the oxide film growing mechanism from predominant cation outward diffusion to anion inward diffusion. The finegrained La-containing NiO film can relieve part of internal stress via high temperature creeping, and results in heterogeneous stress distribution in depth. XRD and Raman testing results show the stress declination effect due to La-implantation, and discrepancy between the two testing results is analyzed regarding to the rare earth effect during the film growing process.
INTRODUCTION
This template, The resistance of super-alloys to high temperature oxidizing environments such as in power plants depends on the formation and maintenance of a slowly growing and adherent oxide film. There are internal growing stress and external thermal stress within oxide film, and the accumulated stress will eventually lead to oxide film's cracking and spalling [1] , so determination of stress in oxide films will provide important information on the life prediction of such metals. Additionally, the doping of small amount of rare earth element to metals can remarkably improve their anti-oxidation properties, especially in respect to the oxide films' internal stress levels [2] . The internal growing stress and external thermal stress usually keep changing in the metals' serving process and distribute heterogeneous in the oxide film depth, so stress values of oxide films formed on engineering alloys measured by different methods are much in argument today even for the basic Ni, Fe and Co metals [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this paper, the growing kinetics and microstructure of oxide film formed on lanthanum-implanted nickel will be carefully investigated and the influence of La addition on the stress status of oxide film will be quantitatively examined.
II. EXPERIMENTAL METHODS
Pure (99.96 wt%) nickel is wire-cut into 20mm 10mm 1mm specimens which are finally polished by 0.2μm Al 2 O 3 abrasive paste. After being ultrasonically cleaned in acetone and alcohol, some specimens are implanted with 3 10 15 La + /cm 2 in MEVVA-8010 ion-implantation machine under an accelerating voltage of 80kV. Samples with and without lanthanum are isothermally oxidized for 80h at 900 in air using thermal gravimetric analysis (TGA) equipment. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are used to investigate the morphology and microstructure of oxide film. X-ray diffraction spectrometer (XRD) and laser Raman spectrometer are used to examine the stress status in oxide films formed on two samples, and secondary ion massive spectrometer (SIMS) is used to investigate to growing mechanism of the oxide films.
III. RESULTS AND DISCUSSION
The mass change curves of La-free and La-implanted nickel in 80h isothermal oxidation are shown in Fig.1 . In the initial period (<5h here), the La-implanted nickel has higher oxidizing rate than pure nickel; while in subsequent long period (>5h), the case is turned over. U.S. Government work not protected by U.S. copyright
Ion-implantation can introduce large amounts of lattice defects in metal surface (usually no more than 100nm in depth), and even forms amorphous structure at sufficiently high dosage. In the initial oxidizing period, the implanted lanthanum of high chemical activity and high local concentration will be preferentially oxidized compared with nickel and further acts as the crystal forming site for NiO phase [2, 3] . This may help to explain the relatively faster growing speed of NiO film on Laimplanted nickel in this initial period. In subsequent long period, the these fine La 2 O 3 particles (or even La 3+ ions [2, 6] ) mainly exist at (or segregate to) NiO grain boundaries, inhibit predominant Ni 2+ cation's outward diffusion (compared with O 2-anion's inward diffusion) in NiO film and eventually lower the oxidizing rate of nickel [4] [5] [6] .
Fig .2 shows the surface morphologies of oxide films formed on two samples after 80h isothermal oxidation. We can see La-implantation has remarkably reduced the NiO grain size. This also confirms the initial promoting effect on NiO crystal formation and the subsequent retarding effect on NiO crystal growing caused by lanthanum implantation.
In Raman experiment, Ar + -Laser tube is used ( =514nm ) and the Raman peak is calibrated to accuracy of 0.2cm -1 . Fine-sized NiO powder (analytical grade) is annealed at 700 for 40h and is considered as the standard stress-free status of NiO oxide as seen in Fig.3(a) . The Raman peaks of NiO films formed on pure Ni and La-implanted Ni are shown in Fig.3(b) and Fig.3(c) , respectively.
According to Birnie's work [7] , monochromatic Laser light is inelastically scattered to give a Raman spectrum corresponding to particular molecular and lattice vibrations of solid. From Fig.3 we can see compressive stress exists in oxide films formed on both samples, and La-implantation has apparently reduced the stress level. Recently Birnie [7] gives a linear coefficient of 2. 8 10 8 Pa/cm -1 between Raman peak shift and residual stress for NiO film, so the calculated compressive stress of NiO films formed on pure and La-implanted nickel are 5.04 10 9 Pa and 2.52 10 9 Pa, respectively. It's necessary to note that the Raman test result only represents the stress level of oxide film's outer surface, because the depth in which laser beam collides with NiO is usually less than 50nm [7, 8] .
In order to know the overall stress level in oxide film, Xray diffraction spectrometry is further used and the testing results of pure and La-implanted nickel after 80h isothermal oxidation are shown in Fig.4 . By comparing the two curves we can find the intensity of NiO diffraction peak is reduced and its half-width is enlarged duo to La-implantation, which means the NiO film formed on La-implanted sample is thinner and has finer grain-size than its La-free counterpart. By using Tsai's method [8] , the calculated oxide film stresses for La-free and La-implanted samples are 5.42 10 9 Pa and 3.76 10 9 Pa, respectively. Fig.5 is the bright field images of the oxide film formed on La-implanted sample. We can find nano-metric La 2 O 3 and NiLa 2 O 4 spinel particles dispersed at NiO grain boundaries, in which, the particles are characterized by related electron diffractional pattern during the TEM examination. Because the TEM used in our experiment is not equipped with high resolution energy dispersive spectrum (EDS), so whether part of lanthanum has segregated at NiO grain boundaries as La 3+ ions can not be concluded here as Seal [6] and Przybilla[ 10] have reported. Fig.6 is the element depth profile of O, Ni and La on two oxidized samples tested by SIMS method. During the test, first Ar + ion beam is used at accelerating voltage of 120kV, and the average sputtering speed is about 1.0μm per hour. From Fig.6 , we can find the positions of oxide/metal interfacial zones for La-free and La-implanted samples are about 15μm and 8μm in depth (which are roughly equal to the thickness values calculated by the mass change curves in Fig.1) , respectively, and the latter's interfacial zone is somewhat wider than the former's. The La depth profile in Fig.6(b) clearly shows that the final position of lanthanum is near the outer surface (i.e. oxide/gas) of NiO film after 80h oxidation. This phenomenon indicates that La-implantation has changed the growing mechanism of NiO film from predominant Ni 2+ cation's outward diffusion to O 2-anion's inward diffusion, i.e. the newformed oxide is near the oxide/metal interface. Other researchers [11, 12] have reported this ionic diffusion change in NiO and Cr The XRD stress testing result is synonymous with the Raman result in stress declination due to lanthanum implantation. Because the fine grain-sized oxide film formed on La-implanted sample may have better plasticity and can relieve part of its internal compressive stress via high temperature creeping. Yet discrepancy between Raman testing result and XRD testing result is obvious in our experiment. The stress values derived from XRD method are 7.5% and 49.2% higher than vales derived from Raman method for the La-free and La-implanted samples, respectively. The higher XRD testing value can be attributed to the fact that X-ray can penetrate much deeper (even to Ni substrate) than laser beam (less than 50nm) and it represents the overall stress status of oxide film. Meanwhile, the outer part of oxide (i.e. near to oxide/gas interface) has enough free space to relieve its internal stress at elevated temperature than its inner part (i.e. near oxide/metal interface) [8, 9] , so this may explain the lower Raman stress value if no testing error is considered.
If the newly formed oxide does locate near the oxide/metal interface when lanthanum exists, it will introduce additional compressive stress in the inner part of oxide film and balanced tensile stress in the outer part of oxide film. This may be another reason for the 49.2% higher XRD stress testing value (which represents the overall or nearly internal stress value of oxide film) than the Raman testing value (which represents only the superficial stress value in 50nm depth of oxide film) in the La-implanted sample, i.e. part of the compressive stress is counterbalanced by the newly generated tensile stress in the outer part of oxide film. For the La-free sample, the XRD result is roughly consistent with the Raman result (only 7.5% deviation). This implies the newly formed oxide locates near the oxide/gas interface with enough free space and the stress status is more homogeneous in depth in the oxide film.
So caution should be taken when using XRD or Raman stress testing methods, because the stress distribution is probably heterogeneous in depth in oxide film. Besides, there are still other factors that may influence stress distribution and the reliability of testing result, e.g. substrate thickness and its deformation at high temperature, sample's cooling speed, external thermal stress and testing errors et al. Besides, in-situ XRD and Raman testing will be very useful to describe the dynamic stress accumulation within oxide films.
IV. CONCLUSIONS
La-implantation remarkably reduces the growing speed and grain size of NiO oxide film; meanwhile, it changes the film growing mechanism from predominant Ni 2+ cation outward diffusion to O 2-anion inward diffusion, this fine grain-sized oxide film may have better high temperature plasticity and can relieve part of its internal stress via creeping.
XRD and Laser Raman method satisfactorily describes the stress status in NiO film, yet care should be taken in measuring oxide film of heterogeneous stress distribution. In our cases, discrepancy between the two methods is mainly ascribed to the rare earth effect of lanthanum during the NiO film growing process, i.e. oxide film microstructure and phase composition are also indispensable for stress evaluation of oxide films.
